The Notch pathway has been implicated in a number of malignancies with different roles that are cell-and tissue-type dependent. Notch1 is a putative oncogene in non-small cell lung cancer (NSCLC) and activation of the pathway represents a negative prognostic factor. To establish the role of Notch1 in lung adenocarcinoma, we directly assessed its requirement in Kras-induced tumorigenesis in vivo using an autochthonous model of lung adenocarcinoma with concomitant expression of oncogenic Kras and deletion of Notch1. We found that Notch1 function is required for tumor initiation via suppression of p53-mediated apoptosis through the regulation of p53 stability. These findings implicate Notch1 as a critical effector in Kras-driven lung adenocarcinoma and as a regulator of p53 at a posttranslational level. Moreover, our study provides new insights to explain, at a molecular level, the correlation between Notch1 activity and poor prognosis in patients with NSCLC carrying wild-type p53. This information is critical for design and implementation of new therapeutic strategies in this cohort of patients representing 50% of NSCLC cases. Cancer Res; 73(19); 5974-84. Ó2013 AACR.
Introduction
Lung adenocarcinoma belongs to the histopathologic class of non-small cell lung cancer (NSCLC) and is the leading cause of cancer-related cell deaths worldwide. The Notch pathway has been implicated in a number of malignancies, with different roles that are cell-and tissue-type dependent (1) (2) (3) (4) (5) (6) . In the context of lung cancer, recent studies show that the different Notch receptors have nonoverlapping functions. Previous studies have focused on Notch3, which was found overexpressed as a consequence of a chromosome 19 translocation and shown to control tumor cell apoptosis and maintenance of aldehyde dehydrogenase-expressing lung adenocarcinoma stem cells (7) (8) (9) . Several studies suggest that genetic or pharmacologic targeting of Notch3 can inhibit tumor cell proliferation (8, 10, 11) . Increasing evidence also implicates Notch1 as a putative oncogene in lung adenocarcinoma. Gain-offunction mutations of the NOTCH1 gene and lack of pathway attenuation due to loss of NUMB, a negative regulator of Notch, have been described in human NSCLC (12) . Expression of activated Notch1 intracellular domain (N1 IC ) in the pulmonary epithelium of mice-induced lung adenomas, which progressed to full-blown adenocarcinoma when combined with overexpression of Myc (13) . Notch pathway activation has also been correlated with poor prognosis and response to therapy in patients with NSCLC (14) .
Activating mutations in the Kras gene are a common event in lung adenocarcinoma, occurring in approximately one-third of patients (15) . Mouse models of lung adenocarcinomas driven by oncogenic Kras expression have allowed the study of tumor initiation and progression. In particular, inducible expression of a missense mutation at codon 12 (Kras G12D allele), results in development of lung adenocarcinomas with low invasive and metastatic potential (16) . Recent evidence supports the notion of a functional interaction between Notch and Ras signaling pathways during tumorigenesis (17) . Notch signaling can be activated by oncogenic Ras and is required for Ras-induced cell transformation (18) . Moreover, Notch signaling is required for H-Ras and Kras-driven oncogenesis in mouse models of breast and lung cancer, respectively (19, 20) . To elucidate the role of the individual Notch receptors we assessed the requirement for Notch receptors in a cell model of lung adenocarcinoma and observed a dramatic decrease in cell numbers only after Notch1 knockdown. Thus, we examined the requirement for Notch1 in lung tumorigenesis in vivo by using a mouse model of inducible Kras G12D expression. We find that genetic inhibition of Notch1 signaling results in reduced Kras G12D -driven tumor initiation and burden. Moreover, we show that Notch1 ablation induces p53-dependent apoptosis as a consequence of increased p53 stability. These findings suggest the status of p53 has a primary impact on the effects of Notch1 signaling in lung tumorigenesis and that the outcome of targeting Notch1 in patients with NCSLC would be dependent on p53 status.
Materials and Methods

Mouse strains
The conditional LSL-Kras G12D (16), Notch1 lox/lox (21) mice have been previously described. To initiate lung tumorigenesis, mice were infected with adenovirus carrying a Cre-recombinase allele, as previously described (16) . All studies were conducted in compliance with Wistar Institute Institutional Animal Care and Use Committee guidelines.
Histology and immunohistochemistry
Formalin-fixed paraffin-embedded murine lung tissue was processed by standard methods and stained with hematoxylin and eosin, as previously described (22) .
Cell culture conditions
A549, H460, H522, H441, and H727 cell lines were acquired from the American Type Culture Collection in 2011 and authenticated periodically by DNA typing (last test by DDC medical services 6/2013). Cells were grown in supplemented RPMI-1640 medium. siRNAs for Notch1, Notch2, Notch3, and p53 were purchased from Dharmacon and transfected using Lipofectamine RNAiMax (Invitrogen). pcDNA3-Myr-Akt plasmid was obtained from Addgene (23) and transfected using Lipofectamine 2000 (Invitrogen).
Western blot analysis
Lung tissue samples and cell pellets were prepared as described (24) . Primary antibodies used: Notch1 and PARPp85 (Epitomics), cleaved caspase-3, cleaved caspase-7, Akt, phospho-Akt S473, and phospho-MDM2 S166 (Cell Signaling Technology), p53 DO-1, MDM2 Ab2 (Millipore), p21 (BD Biosciences), and tubulin and vinculin (Sigma).
Statistical Analysis
The differences in T/L ratios were assessed for statistical significance by c 2 test and for differences in tumor numbers by Wilcoxon signed rank test. All data were represented by the mean and SD indicates data variability. All other analysis used two-tailed unpaired Student t test.
Cell-cycle analysis
Seventy-two hours after siRNA transfection cells were harvested, washed once with PBS, and fixed in cold 70% ethanol. Fixed cells were resuspended in propidium iodide buffer (50 mg/mL propidium iodide, 250 mg/mL RNAse A in PBS) and incubated over night at 4 C. Cell-cycle distribution was evaluated using Coulter Epics XL flow cytometer (Beckman). Data were analyzed using WinMDI software.
Annexin-V staining
Apoptotic cells were measured using Annexin-V-fluorescein isothiocyanate (FITC; BD Pharmingen) and propidium iodide. Briefly, cells were harvested 72 hours after siRNA transfection and incubated with Annexin-V-FITC and propidium iodide for 15 minutes. Cells were analyzed using Coulter Epics XL flow cytometer (Beckman Coulter). Data were analyzed using FlowJo software (Tree Star, Inc.).
Results
Reduced tumor initiation and burden in LSL-Kras G12D ; Notch1 flox/flox mice
To clarify the role of the individual Notch receptors in the context of lung adenocarcinoma, we analyzed the effect of Notch1-3 knockdown in vitro by siRNA in A549 lung adenocarcinoma cells, which carry an oncogenic mutation of Kras. As shown in Fig. 1A , all three receptors are expressed in A549 cells, albeit at different levels. We achieved complete knockdown of Notch1 and Notch2 and more than 75% knockdown of Notch3. Notably, several independent nontargeting siRNA controls affected Notch3 expression and we therefore included cells treated with the transfection reagent only as a further control. Cell counts for 4 days after siRNA treatment showed that only Notch1 knockdown had a significant effect on overall cell numbers (Fig. 1B) .
To assess directly whether Notch1 is required for the initiation and/or progression of Kras-induced lung tumors, we used the LSL-Kras G12D mouse model of lung adenocarcinoma in which lung tumor initiation is achieved by infection with an adenovirus-expressing Cre-recombinase (Ad-Cre), leading to removal of a transcriptional stop element and activation of an oncogenic allele of Kras G12D under physiologic control (16 from each group were sacrificed at 6, 18, and 24 weeks after infection and both tumor numbers and volumes were assessed by histologic examination. The LSL-Kras G12D mice displayed variable rates of hyperplasia and adenomas already at the 6-week time point, with an average of approximately 14 tumors per mouse ( Fig. 1C and E) . This is similar to previously reported rates of tumor numbers in this model (4, 16) . In comparison, the LSL-Kras G12D ;Notch1 flox/flox displayed an almost uniform distribution of approximately 2 lesions per mouse. The Notch1 fox/flox mice did not show any signs of abnormalities ( Fig. 1C and E) . Thus, loss of Notch1 impairs tumor formation initiated by oncogenic Kras.
In addition to tumor initiation, we examined the ratio of tumor to lung volume (T/L ratio) at the various time points. In the LSL-Kras G12D mice the T/L ratio was approximately 6% at 6 weeks, 17% at 18 weeks, and rose to approximately 20% at the 24-week time point. In comparison, T/L ratios in the LSLKras
G12D
;Notch1 flox/flox mice were greatly reduced. At the 6-week time point the T/L was close to 4%. At 18 and 24 weeks the T/L ratio was 11% and 9.5%, respectively (Fig. 1D ). Taken together, our findings indicate that loss of Notch1 significantly reduced Kras lung tumor initiation and overall tumor burden.
In contrast, heterozygous mice LSL-Kras G12D ;Notch1 flox/þ did not display a significant decrease in tumor number and volume, suggesting that deletion of both Notch1 alleles is required to effectively impair tumor formation (not shown). Histologic examination of the tumors and precancerous lesions that arose in the different groups indicates that they were grossly similar but arose at different times. In both groups three distinct types of lesions were found. Atypical adenomatous hyperplasia (AAH) was presented at 6-week after infection in both groups of mice, although at much higher levels in LSL-Kras G12D mice (Fig. 1E ). Small papillary adenomas were evident at 6 weeks after infection in the LSL-Kras G12D mice and larger adenomas and adenocarcinomas were present at 18 and 24 weeks. In comparison, only adenomas were apparent in the LSL-Kras S1 ). This incomplete recombination was also evident at the protein level, as residual amounts of Notch1 protein were present in tumors isolated from the lungs of LSL-Kras G12D ; Notch1 flox/flox mice (Fig. 2E ). These findings indicate that Mice were sacrificed at 6, 18, and 24 weeks after infection. Representative histologic findings from both groups are shown. Scale bar, 400 mm. Arrowheads, hyperplasia; arrows, adenomas. 
Notch1 controls survival of lung adenocarcinoma cells in vitro and in vivo
To investigate the mechanisms underlying reduced tumor initiation and burden observed in the LSL-Kras G12D ;Notch1 fox/flox mice we used a siRNA approach to knockdown Notch1 expression in A549 cells. Two independent siRNA sequences, N1 siRNA#1 and N1siRNA#2, which showed more than 90% and approximately 50% efficiency in reduction of Notch1 protein levels, respectively, were selected (Fig. 2D ). A549 cells were transfected with Notch1 siRNA or nontargeting siRNA control and counted for 4 consecutive days after transfection to assess effects on cell proliferation. Both Notch1 siRNA treatments resulted in significantly reduced cell numbers compared with nontargeting siRNA transfected cells ( Fig. 2A) . Analysis of cellcycle distribution by propidium iodide staining showed Notch1 ablation induced the appearance of a fraction of cells with a sub-G1 DNA content, suggestive of apoptotic cell death ( Fig. 2B and Table 1 ). Importantly, the extent of cell-cycle perturbation correlated with the efficiency of Notch1 knockdown by the two different siRNAs, with a stronger impact elicited by siRNA#1 compared with a milder phenotype induced by siRNA#2. To directly assess whether knockdown of Notch1 induced apoptosis, caspase-3 cleavage was examined by immunofluorescence and Western blotting using an antibody specific to the cleaved forms of caspase-3. Intense staining for cleaved caspase-3 was observed in the nuclei of siRNA-transfected cells as well as in cells treated with staurosporine to induce apoptosis (positive control; Fig. 2C ). Western blot analysis also confirmed caspase-3 activation and cleavage of caspase-7 (Fig. 2D) . To further confirm the observations suggesting induction of apoptosis in A549 cells after Notch1 knockdown reflect the events (25, 26) . Partially processed but still active caspase-3 forms are also present, which retain part (p19) or all (p20) of the prodomain (27) (28) (29) . Western blot with a cleaved caspase-3 antibody specific for the cleaved forms showed that tumors from Kras G12D animals display a baseline level of caspase-3 activation, as indicated by the presence of a 19 KDa fragment. However, the Kras G12D ;Notch1 flox/flox tumors in addition displayed the 17 KDa cleavage form, which corresponds to fully cleaved caspase-3. (Fig. 2E , indicated by the red arrow). Note that the antibody used does not recognize procaspase-3 or p12. These results suggest that diminished levels of Notch1 expression lead to increased cell death in the A549 lung adenocarcinoma cells and in vivo, providing a mechanism to explain the impaired tumor initiation and progression observed in the LSLKras G12D ;Notch1 flox/flox mice.
Onset of apoptosis after Notch1 ablation is mediated by stabilization of p53 N1 IC is a transcriptional regulator and activation of the Notch1 receptor ultimately results in modulation of transcription of several target genes. To test the transcriptional effects of Notch1 ablation in A549 cells, we conducted an expression profiling microarray experiment in which we compared the global transcriptional profile of cells transfected with Notch1 siRNA#1 to that of cells transfected with nontargeting siRNA control. Functional classification of the genes regulated by Notch1 siRNA revealed a significant enrichment in cell-cycle-G2/M checkpoint regulation, apoptosis and a characteristic p53 signature (Fig. 3A) . Transcriptional regulation of a number of p53-target genes, including CDKN1A, Puma, TP53INP1, CCNG1, and Fas, was further validated by quantitative PCR in cells treated with both Notch1 siRNAs (Fig. 3B ). Importantly, the transcription level of p53 itself was not altered after Notch1 knockdown, leading us to hypothesize that Notch1 might affect the p53 pathway by regulating p53 protein levels. To test this hypothesis, protein extracts from cells transfected with both Notch1 siRNAs were analyzed by Western blotting. Indeed p53 protein levels are significantly upregulated by Notch1 ablation. Furthermore, we confirmed upregulation of p21 protein, a major p53 target (Fig. 3C) . The transcriptional profiles and analysis of p53 protein expression suggest that inhibition of Notch1 is associated with p53 protein stabilization in the A549 cells. Immunfluorescence staining of p53 in A549 cells confirmed increased expression in Notch1 siRNA#1-treated cells compared with nontargeting siRNA and also showed increased p53 nuclear localization, supporting the idea that Notch1 controls p53 stability and localization (Fig. 3D) .
To confirm that p53 stabilization mediates the apoptosis induced by Notch1 ablation and rule out that involvement of p53 is a secondary effect, we knocked down p53 and assessed whether this rescued the apoptotic phenotype. As described above, knockdown of Notch1 induced p53 stabilization, p21 upregulation, caspase-3 and 7, and PARP cleavage (Fig. 4A , second lane) and propidium iodide staining profiles confirmed the partial G 2 -M block of cell cycle and the appearance of the sub-G 1 peak (Fig. 4B and Table 2 ). We also analyzed Annexin-V expression by fluorescence-activated cell sorting (FACS) and found that the fraction of Annexin-positive cells, representing early and late apoptotic cells, increased from 5.03% in nontargeting cells to 14.57% after Notch1 knockdown (Fig. 4C) . As expected, knockdown of p53 alone abrogated p21 expression and had little effect on activation of caspases and PARP (Fig.  4A, third lane) . Unexpectedly, p53 siRNA alone induced a partial accumulation of A549 cells in G 2 -M phase and a low level of apoptosis as indicated by the presence of a sub-G 1 peak (Fig. 4B and Table 2 ). A modest but reproducible increase in the percentage of Annexin-positive cells compared with nontargeting transfected cells was also observed (Fig. 4C) . The simultaneous ablation of p53 and Notch1 completely abrogated p21 induction and caspase-3, caspase-7, and PARP cleavage that are caused by knockdown of Notch1 alone (Fig. 4A, fourth  lane) . Furthermore, analysis of the cell-cycle distribution indicated that the fraction of A549 cells in sub-G 1 phase was reduced from 16.4% to 9.2%, corresponding to the effect of p53 knockdown alone (Fig. 4B, Table 2 ). Likewise, the fraction of Annexin V-positive cells was reduced from 14.6% in cells with Notch1 knockdown to 6.3% in cells with combined knockdown of Notch1 and p53, the latter value corresponding to the apoptotic rate of p53 siRNA-only cells (Fig. 4C) . These data show that p53 knockdown can rescue the apoptotic phenotype induced by Notch1 ablation.
We next confirmed that the involvement of p53 in programmed cell death as a consequence of Notch1 knockdown is a general feature of NSCLC cell lines and not specific to A549 cells. We transduced Notch1 siRNA into other NSCLC cell lines harboring wild-type or mutated p53 alleles and evaluated the cell-cycle distributions. Importantly, knockdown of Notch1-induced apoptosis only in H460 cells, which carry wild-type p53 (30) , as indicated by doubling of the population of cells in the sub-G1 fraction (Fig. 4D) . Concurrent with this, activation of caspase-3 and caspase-7 was also observed in the H460 cells (Fig. 4E) . In contrast, no apoptosis was observed in the H522, H441, and H727 cells, all carrying mutant p53 ( Fig. 4D and E) . These findings further show that apoptosis induced by Notch1 knockdown in NSCLC cells is p53-mediated and requires functional p53.
Loss of Notch1 results in increased p53 stability
To establish that the increase in p53 levels after Notch1 knockdown is dependent on the regulation of p53 protein stability, we treated A549 cells with cyclohexamide, an inhibitor of de novo protein synthesis. Nontargeting and Notch1 siRNA-transfected cells were harvested at different time points after cyclohexamide treatment and levels of p53 protein were monitored by Western blotting. As expected, in the nontargeting-treated cells a more than 75% reduction in p53 levels was observed after 90 minutes of treatment, whereas virtually no change in p53 levels was detected in Notch1 knockdown cells within the same time frame, indicating that Notch1 ablation results in an increase in p53 stability (Fig. 5A) . The levels of p53 are tightly regulated by rate of degradation, mediated by the ubiquitin pathway (31) . To test whether Notch1 is able to affect p53 ubiquitination we treated the cells with the proteosomal inhibitor ALLN, which blocks the degradation of ubiquitinated proteins and leads to an increase in the level of ubiquitinated p53. While A549 control cells treated with ALLN showed a typical pattern of ubiquitinated p53, this ubiquitinated p53 was almost completely absent in cells transfected with Notch1 siRNA before ALLN treatment (Fig. 5B) . Moreover, a shorter exposure (Fig. 5B, third row) shows that p53 is stabilized by ALLN treatment in control cells but not in Notch1 knockdown cells (compare fourth lane with second lane), suggesting that the majority of p53 molecules accumulated after Notch1 ablation are not protected from degradation when the proteasome is inhibited. Taken together these experiments show that Notch1 favors p53 proteasomal degradation by positively regulating its ubiquitination. The MDM2 protein is the primary regulator of p53 stability, promoting its ubiquitination and degradation (32, 33) . To investigate the involvement of MDM2 in the observed stabilization of p53 we assessed the expression levels and activation of MDM2 after Notch1 knockdown. As shown in Fig. 5C , MDM2 phosphorylation on Ser-166 is decreased after Notch1 knockdown, whereas the overall expression level is not altered (MDM4/HDMX expression is also not affected, not shown). A link between Notch signaling and regulation of MDM2 has been previously shown in T-ALL through Notch1 transcriptional regulation of PTEN, a negative regulator of Akt activity (34) . Akt in turn activates MDM2 by phosphorylation at Ser-166 and -186, resulting in diminished cellular levels and transcriptional activity of p53 (35) (36) (37) . Indeed we observed a decrease in phosphorylation of Akt at Ser-473 in Notch1 knockdown cells, suggestive of a reduced activation of PI3K/Akt signaling (Fig.  5C ). However, overexpression of an activated form of Akt did not rescue the decrease in cell number caused by knockdown of Notch1 (Fig. 5D) , nor was it able to revert p53 stabilization, caspase-3 activation and PARP cleavage (Fig. 5E) . These results indicate that while Notch1 levels might affect Akt activity, this is likely not the mechanism through which Notch1 regulates p53 stability and lung adenocarcinoma cell survival.
Discussion
The Notch receptors are emerging as important players in the pathogenesis of lung adenocarcinoma. Recent studies in which pan-Notch inhibition was achieved by gamma-secretase inhibitors (GSI) indicate that repression of Notch signaling can impair tumorigenesis in vivo (20) . However, the use of GSIs is associated with severe intestinal toxicity in patients, due to the simultaneous inhibition of multiple Notch receptors (38) . Thus, there is a strong rationale for targeting the Notch receptors individually. Previous work focused on Notch3 in lung cancer. However, these studies were limited, to our knowledge, to in vitro or xenograft models. More recently, hyperactivation of the Notch1 pathway has been described as a common event in human NSCLC, due to activating mutations in the Notch1 gene or loss of the negative regulator Numb (12) . The mechanisms through which Notch1 exerts its function in lung tumorigenesis are unclear.
To examine which Notch receptor/s has a relevant role in lung tumorigenesis, we first evaluated the requirement for Notch1-3 in vitro and found Notch1 was the most suitable candidate for further in vivo studies. Through Notch1 ablation in vivo, we observed a dramatic decrease in tumor initiation and burden in an autochthonous mouse model of lung adenocarcinoma, showing Notch1 is required for Kras-induced lung adenocarcinoma. In the cases where tumors did arise in the LSL-Kras G12D ;Notch1 flox/flox mice, further analysis indicated these tumors likely "escaped", through incomplete inactivation of the Notch1 flox/flox allele. Interestingly, a recent study using the LSL-Kras G12D model combined with conditional activation of a dominant-negative inhibitor of Notch activity (DN-MAML) found no evidence of inhibition of Kras-induced lung adenocarcinoma in vivo (39) . Given our findings showing that low levels of Notch1 expression are sufficient to allow "escape" of tumors, it is likely that the limited inhibition of Notch activity offered by of DN-MAML was unable to attenuate Kras-driven lung tumorigenesis.
To identify mechanisms underlying the requirement for Notch1 in lung adenocarcinoma we used A549 in which siRNA-mediated ablation of Notch1 resulted in cell death. Importantly, we were able to detect increased rates of apoptosis in vivo by analyzing tumor samples from Kras G12D and Kras G12D ;Notch1 flox/flox lungs for caspase-3 activation and identifying a band corresponding to fully cleaved caspase-3 only in tumors from these mice. N1 IC is a transcriptional regulator that functions in a tissue and cell-type-specific manner. Gene expression analysis was used to gain insights into the molecular alterations occurring after Notch1 ablation in A549 cells. We did not find significant changes in expression levels of the Notch target genes traditionally used as readouts of Notch activation (e.g., Hes and Hey families). This is not totally surprising; indeed growing evidence suggests that different Notch receptors regulate these genes in a contextand tissue-specific manner. For example, the inhibition of Notch signaling in the pancreas does not lead to decreased Hes1 expression (4, 40) and similarly, overexpression of Notch1 intracellular domain in mouse lungs does not induce Hes1 gene expression (13) . The gene expression approach allowed us to uncover a characteristic p53 signature in response to Notch1 knockdown, coherent with A549 cells expressing functional p53 (41) . Importantly P53 mRNA levels were not altered, excluding the possibility that Notch1 controls p53 expression at the transcriptional level. We found indeed that p53 protein levels were increased and the vast majority of the protein was localized in the nucleus (Fig. 3) , indicating stabilization and activation in response to Notch1 knockdown. A causative role for p53 activation in the observed cell death phenotype was established as concomitant knockdown of p53 and Notch1 was sufficient to rescue the cells from apoptosis and revert the effect of Notch1 ablation, suggesting that Notch1 controls survival of A549 cells in a p53-dependent manner. To rule out the possibility of a cell-type specific phenomena, we confirmed p53 stabilization and induction of apoptosis in a second NSCLC cell line retaining wild-type P53, whereas no cell death was observed in several cell lines with either mutant or nonfunctional P53 alleles.
The possibility that p53 stabilization was a consequence of DNA damage activation after Notch1 ablation was ruled out, as we did not observe accumulation of g-H2AX DNA damage foci in Notch1 siRNA-transfected cells (Supplementary Fig. S2 ). Therefore, we focused on the regulation of p53 stability and found that Notch1 knockdown results in a dramatic increase in p53 half-life and a significant impairment of p53 ubiquitination. MDM2 is the major regulator of p53 stability and can also regulate p53 function at additional levels by blocking its transcriptional activity (42, 43) and promoting export of p53 into the cytoplasm (44) . Notch1 has been reported to physically interact with p53 and MDM2 (45, 46) and could potentially participate in the regulation of the MDM2/p53 interaction. Coimmunoprecipitation experiments carried out after Notch1 deletion did not support this hypothesis, as we did not observe a decrease in p53 co-pulled down with MDM2 after Notch1 siRNA (Supplementary Fig. S3 ). Tumor cells that retain wildtype p53 often display deletion of the cell-cycle regulator ARF, one of the products encoded in the CDKN2A locus, which binds to MDM2 and promotes its degradation thus blocking its ability to mediate ubiquitination of p53 (47) . We have previously shown that Notch1 can suppress p53 during lymphomagenesis, through repression of the ARF-MDM2-p53 axis (48). This is not likely the case in NSCLC cells because A549 and H460 cell lines do not express ARF as a consequence of CDKN2A deletion (49) (50) (51) and show a high level of MDM2 activity, which allows the cells to keep p53 activity at a minimum. Therefore, the requirement of a functional ARF to control apoptosis and p53 stability in response to Notch1 ablation can be ruled out in our system. Notch signaling has been previously shown to increase MDM2 nuclear localization and activity through AKT-mediated phosphorylation (34) (35) (36) . While we observed a decrease in Akt activation after Notch1 knockdown, the forced activation of the Akt pathway in A549 cells failed to rescue the cell death induced by Notch1 knockdown, indicating the Akt pathway does not likely mediate the effects of Notch1 ablation in these cells ( Fig. 5D and E) . It should also be noted that previous work suggests Notch1 signaling is activated and controls cell survival via Akt activation specifically under hypoxic conditions (52) . However, we did not observe differences in Notch1 activation between hypoxic or normoxic conditions (Supplementary Fig.  S4 ). On the basis of these results, we propose that Notch1 regulates MDM2 activity through mechanisms that are ARFand Akt-independent.
Finally, our data show that control of survival of lung adenocarcinoma cells by Notch1 requires functional p53. Recent data have described a correlation between the levels of activated Notch1 and poor prognosis in a cohort of NSCLC patients with wild-type p53 (12) . Our combined findings show that p53 status represents a critical determinant in selection of therapeutic strategies for patients with lung adenocarcinoma.
